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The degree and nature of dyslexics’ diﬃculties in performing basic visual tasks have been debated for more than thirty years. We
recently found that dyslexics’ diﬃculties in detecting temporally modulated gratings are speciﬁc to conditions that require accurate
comparisons between sequentially presented stimuli [Brain 124 (2001) 1381]. We now examine dyslexics’ spatial frequency dis-
crimination (rather than detection), under simultaneous (spatial forced choice) and sequential (temporal forced choice) presenta-
tions. Sequential presentation (at SOAs of 0.5, 0.75 and 2.25 s) yielded better discrimination thresholds among the majority of
controls (around 0.5 c/ reference), but not among dyslexics. Consequently, there was a (large and signiﬁcant) group eﬀect only for
the sequential conditions. Within the same dyslexic group, performance on a sequential auditory task, two-tone frequency dis-
crimination, was impaired in a smaller proportion of the participants. Taken together, our ﬁndings indicate that visual paradigms
requiring sequential comparisons are diﬃcult for the majority of dyslexic individuals, perhaps because deﬁcits either in visual
perception or in visual memory could both lead to diﬃculties on these paradigms.
 2004 Elsevier Ltd. All rights reserved.
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Developmental dyslexia is a speciﬁc reading dis-
ability, in which individuals do not acquire proﬁcient
reading skills despite suﬃcient cognitive abilities and
education. Dyslexia aﬀects 5–10% of the population
(Shaywitz, 1998) and often persists into adulthood,
when reading diﬃculties are characterized by slow and
laborious reading, poor spelling and impaired phono-
logical processing (Pennington, Van Orden, Smith,
Green, & Haith, 1990; Wilson & Lesaux, 2001). The
degree and nature of dyslexics’ impaired visual pro-
cessing has been debated ever since speciﬁc reading
deﬁcits (as a developmental phenomenon, initially
termed ‘‘congenital word blindness’’) were ﬁrst re-
ported in the scientiﬁc literature. In the past thirty
years it has been commonly accepted that most dyslexic
individuals suﬀer from phonological deﬁcits (e.g.,* Corresponding author. Tel.: +972-2-5883409; fax: +972-2-
5881159.
E-mail address: msmerava@mscc.huji.ac.il (M. Ahissar).
0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2003.12.001Snowling, 2000). Yet, the contribution of visual pro-
cesses to their reading deﬁcits has not been clariﬁed.
Many observations of impaired performance on basic
visual tasks, as well as frequent reports of visual
discomfort during reading, suggest that some visual
processes are impaired in dyslexia. Whether these are
low-level processes, as suggested by the ‘‘magnocellular
deﬁcit theory’’ (Stein, 2001), or higher-level processes
involving mechanisms of attention and memory is still
an open question.
One of the prominent hypotheses of visual deﬁcits in
dyslexia is the magnocellular deﬁcit theory, which pro-
poses that dyslexics’ impaired visual performance stems
from an abnormal magnocellular pathway that impairs
low-level stimulus processing (Stein, 2001; Stein &
Walsh, 1997 for a review). This theory is supported by
evidence from anatomical, behavioral, EEG and imag-
ing studies (e.g., Cornelissen, Hansen, Hutton, Evan-
gelinou, & Stein, 1998; Demb, Boynton, & Heeger, 1998;
Eden et al., 1996; Lehmkuhle, Grazia, Turner, Hash, &
Baro, 1993; Livingstone, Rosen, Drislane, & Galaburda,
1991; Pammer & Wheatley, 2001). However, many
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to conﬁrm them (e.g., Amitay, Ben-Yehudah, Banai, &
Ahissar, 2002b; Gross-Glenn et al., 1995; Ramus et al.,
2003; Spinelli et al., 1997; Vanni, Uusitalo, Kiesila, &
Hari, 1997; Victor, Conte, Burton, & Nass, 1993; Wal-
ther-Muller, 1995; Williams, Stuart, Castles, & Mc-
Anally, 2003). These mixed results have spurred a
debate about the presence of a magnocellular deﬁcit in
dyslexia (in favor see Stein, Talcott, & Walsh, 2000;
against see Skottun, 2000a, 2000b).
In a previous study (Ben-Yehudah, Sackett, Malchi-
Ginzberg, & Ahissar, 2001), we examined the magno-
cellular theory’s main prediction that dyslexics’ ability
to detect low contrast stimuli would be speciﬁcally
impaired for high temporal frequencies and low spatial
frequencies (Merigan & Maunsell, 1990). While some
previous studies conﬁrmed this prediction (e.g., Bor-
sting et al., 1996; Demb, Boynton, Best, & Heeger,
1998; Evans, Drasdo, & Richards, 1994; Martin &
Lovegrove, 1987; Ridder, Borsting, Cooper, McNeel,
& Huang, 1997), others did not (e.g., Hayduk, Bruck,
& Cavanagh, 1996; Spinelli et al., 1997; Walther-Mul-
ler, 1995). We found that the critical factor determining
dyslexics’ temporal contrast sensitivity was the tempo-
ral structure of the behavioral paradigm and not the
nature of the stimuli (Ben-Yehudah et al., 2001).
Namely, dyslexics’ sensitivity for temporally modulated
gratings was impaired only when the stimuli to be
compared were presented sequentially (temporal forced
choice). Under simultaneous stimulus presentation
(spatial forced choice) their sensitivity was not im-
paired. These ﬁndings suggest that dyslexics’ impaired
sensitivity did not stem from a deﬁcit in the magno-
cellular pathway, but rather from a diﬃculty associated
with the structure of the temporal forced choice para-
digm. Since this paradigm requires the observer to
retain an accurate trace of the ﬁrst stimulus for sub-
sequent comparisons, we termed this requirement ‘‘re-
tain-and-compare.’’
In a follow-up study, Amitay et al. (2002b) system-
atically tested the behavioral predictions of the magno-
cellular hypothesis. The majority of their reading
disabled participants did not show impaired perfor-
mance on any of the magnocellular tasks tested (see also
Ramus et al., 2003). However, they did perform poorly
on tasks that are not speciﬁcally magnocellular,
including visual and auditory frequency discrimination.
Since the paradigm used to assess frequency discrimi-
nation in these tasks was temporal forced choice, they
could not dissociate whether disabled readers’ poor
performance stemmed from low-level impaired percep-
tual processes or higher-level deﬁcient ‘‘retain-and-
compare’’ mechanisms.
The main goal of the current study was to directly
test the eﬀect of paradigm structure on dyslexics’ ability
to make spatial frequency discriminations. The abilityto diﬀerentiate spatial frequencies, particularly around
4 c/, is important for letter identiﬁcation (Solomon &
Pelli, 1994). Observers identify letters and gratings
through a single channel selected bottom-up’ by the
stimuli’s properties, and not top-down’ by the observer
(Majaj, Pelli, Kurshan, & Palomares, 2002). Therefore,
assessing dyslexics’ ability to discriminate between
spatial frequencies might be relevant to understanding
their reading diﬃculties. Spatial frequency discrimina-
tion in the general population has been studied for
more than thirty years (e.g., Bradley & Skottun, 1984;
Caelli, Brettel, & Rentschler, 1983; Campbell, Nach-
mias, & Jukes, 1970). More recently, it has also been
studied at the neuronal level in cats (e.g., Bradley,
Skottun, Ohzawa, Sclar, & Freeman, 1987; Skottun,
Bradley, Sclar, Ohzawa, & Freeman, 1987). Human
observers are able to discriminate between gratings that
diﬀer only slightly (5–6%) in spatial frequency (e.g.,
Caelli et al., 1983; Campbell et al., 1970), suggesting
that, for higher spatial frequencies, this ability is a case
of hyperacuity (Hirsch & Hylton, 1982). Two inde-
pendent studies (Bradley & Skottun, 1984; Burbeck &
Regan, 1983) found that spatial frequency discrimina-
tion thresholds obtained with gratings of orthogonal
orientations are as good as those measured with par-
allel gratings. Therefore, ﬁne frequency discriminations
do not necessarily rely on the activation of identical
neuronal populations in the visual cortex. Spatial fre-
quency discrimination thresholds are not inﬂuenced by
stimulus contrast (10–100%, Skottun et al., 1987) or
inter-stimulus interval (ISI) duration in the short-term
range (1–30 s, Magnussen, Greenlee, Asplund, &
Dyrnes, 1990). Taken together, these ﬁndings suggest
that spatial frequency discrimination judgments involve
higher-level visual areas, which integrate across orien-
tations, and are not sensitive to contrast. Since such
judgments require ﬁne spatial information, they prob-
ably involve areas along the dorsal stream (Mishkin &
Ungerleider, 1982).
The current study directly assessed the aﬀect of par-
adigm structure on dyslexics’ discrimination perfor-
mance. We thus examined performance both in a spatial
forced choice paradigm and in temporal forced choice
paradigms using several stimulus-onset asynchronies
(SOAs). Since, in normal readers, frequency discrimi-
nation thresholds are not aﬀected by interval duration
(Magnussen et al., 1990), such a dependency in dyslexic
observers could point to a deﬁcient mechanism, such as
attention or memory. More speciﬁcally we asked whe-
ther dyslexics’ diﬃculties would be greater with brief
(0.5 s) or long (2.25 s) SOAs. At a brief interval deﬁcits
may stem from impaired (sluggish) attentional mecha-
nisms (Hari & Renvall, 2001), whereas at longer inter-
vals diﬃculties may be related to a more rapid decay of
the perceptual memory trace (Magnussen & Greenlee,
1999).
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dyslexics with poor sequential visual discrimination
performance also suﬀer from poor auditory discrimi-
nation, for simple non-verbal stimuli. For example,
two-tone temporal forced choice auditory frequency
discrimination is impaired in a large portion of the
reading disabled population (Ahissar, Protopapas, Reid,
& Merzenich, 2000; Amitay et al., 2002b; Banai & Ah-
issar, 2000). Therefore, we asked whether dyslexic indi-
viduals who have poor sequential visual discrimination
also have poor two-tone auditory discrimination. If
auditory and visual deﬁcits in dyslexia stem from a
common source, then we expect to ﬁnd a high correla-
tion between auditory and visual frequency discrimina-
tion thresholds. Such a correlation is reported for
detection of dynamic visual and auditory stimuli in
adult dyslexics (Witton et al., 1998).
The main ﬁnding of this study was that the vast
majority of dyslexic participants were signiﬁcantly im-
paired on visual spatial frequency discrimination, but
only when assessed with sequential presentations (tem-
poral forced choice). This deﬁcit, found for both brief
(0.5 s) and intermediate (0.75 s) SOAs (though some-
what reduced for the longer SOA, 2.25 s), was the
consequence of normal readers having consistently
lower thresholds under sequential compared with
simultaneous presentations, while dyslexics’ thresholds
remained high across all SOAs. Dyslexics’ deﬁcits in
sequential spatial frequency comparisons were corre-
lated with impaired verbal memory, impaired non-ver-
bal memory for rhythm, and poor pitch discrimination.Table 1
Participants’ cognitive and reading-related abilities
Control (N ¼ 34)
Age (years) 23.8 (2.4)
Cognitive tests:a
Block design (scaled score) 12.3 (2.7)
Similarities (scaled score) 13.6 (2.5)
Digit span (scaled score) 11.3 (3.0)
Reading-related tests:
Non-word reading (% correct)b 89.5 (10.0)
Passage reading rate (words/min)c 131 (21.3)
Spelling (% correct)d 98.1 (5.0)
Rapid automatized naming:e
Letters (letters/second) 2.6 (0.4)
Numbers (numbers/second) 2.9 (0.5)
Spoonerism (% correct)f 94.0 (6.6)
Group mean± standard deviation is shown separately for the control and t
between independent samples.
n.s.¼not signiﬁcant.
a Three subtests of the WAIS-III assessing non-verbal and verbal reasonin
bOral reading of single non-words.
cOral reading of a passage.
dA spelling test of familiar words.
eRapid naming of letters and numbers.
f A phonological awareness test, switching between the ﬁrst phonemes inThese correlations suggest a common bottleneck, which
is not speciﬁc to visual stimuli.2. Methods
2.1. Participants
Thirty-three adult dyslexics (15 female, 18 male;
mean age 23.5 ± 3.6) and 34 normal readers (19 female,
15 male; mean age 23.8 ± 2.4; see Table 1) participated in
this study. Dyslexic participants were referred to us by
educators, parents, or clinicians on the basis of a psy-
cho-educational diagnosis of reading disability or by
self-report based on a documented history of reading
diﬃculties. Controls were recruited by asking dyslexic
participants to bring friends or spouses of similar age
and educational background, who do not have reading
diﬃculties. The criterion for inclusion in the dyslexic
group was current non-word reading score (a composite
z-score of single non-word reading rate and accuracy) of
at least one standard deviation below the control group
average. Both dyslexic and control participants per-
formed within the normal range (scaled score of 7 or
above) on the Similarities and Block Design sub-tests of
the Wechsler Adult Intelligence Scale (WAIS-III,
Wechsler, 1997), Hebrew version. All participants had
normal or corrected-to-normal eyesight and normal
hearing level in the range of frequencies tested. All
participants gave their informed consent to take part in
this study and were paid for their participation.Dyslexic (N ¼ 33) t-test (P -value)
23.5 (3.6) n.s.
11.9 (3.2) n.s.
13.4 (2.1) n.s.
8.4 (2.8) 0.000
56.9 (16.8) 0.000
93 (19.6) 0.000
82.0 (15.5) 0.000
2.2 (0.5) 0.001
2.4 (0.4) 0.000
65.6 (30.8) 0.000
he dyslexic groups. Group diﬀerences are noted for a two-tailed t-test
g, and verbal memory.
a word pair.
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The participants in this study were native Hebrew
speakers, which may raise the question whether their
visual deﬁcits are similar to those of dyslexic individuals
from language backgrounds that diﬀer in orthographic
depth. The Hebrew script is unique in the sense that it
uses both shallow and deep orthography. Reading is
taught using pointed script (i.e., diacritics), which is
phonetically unambiguous (shallow orthography, as in
Italian or Finnish). After the ﬁrst two or three years of
primary school most reading employs unpointed script,
which includes full consonantal information, but only
partial vowel information (deep orthography, as in
English). When reading skills are assessed, only reading
in context can be tested using unpointed script. Single
word and non-word reading requires pointed script to
be unambiguous. Therefore, in the current study we
characterized single non-word reading abilities using
pointed script, and reading rate in context (paragraph)
using unpointed script, as described below.
Recent research suggests that while the depth of the
orthography might inﬂuence reading performance, the
neurocognitive basis of reading disability is universal
and does not depend on the orthography (Paulesu et al.,
2001). Furthermore, a previous study of temporal con-
trast sensitivity in adult Israeli dyslexics (Ben-Yehudah
et al., 2001), replicated the same perceptual deﬁcits re-
ported for Italian (Spinelli et al., 1997) and Australian
(Borsting et al., 1996) dyslexic groups. Similarly, other
studies investigating visual and auditory deﬁcits in dys-
lexic Hebrew speakers also replicated results reported
for dyslexic English speakers (Amitay, Ahissar, & Nel-
ken, 2002a; Amitay et al., 2002b; Banai & Ahissar,
2000). Based on these ﬁndings, we expect that the psy-
chophysical characteristics of our test population will be
similar to those of native English speakers and other
languages. Therefore, our ﬁndings apply to the general
population of dyslexic individuals and not just to dys-
lexic Hebrew speakers.
2.3. Cognitive, reading-related and attention tests
A broad battery of cognitive, reading-related, and
attention tests was administered to all of the participants
(see Table 1). Cognitive skills were assessed with three
subtests of the WAIS-III (Wechsler, 1997): Similarities
(a test of verbal reasoning) Block Design (a test of non-
verbal visual spatial reasoning) and Digit Span (a test of
verbal memory). Similarities and Block Design are
typically used to match groups for intelligence. Digit
Span has been shown to be particularly impaired in
dyslexic individuals (e.g., in children Vargo, Grosser, &
Spaﬀord, 1995; and in adults Pennington et al., 1990). In
this test the participant hears a list of digits and has to
orally repeat this list forward and backward in the sameserial order. Digit Span is composed of two subtests,
digit-forward and digit-backward, that measure some-
what diﬀerent memory abilities. The ﬁrst subtest
measures span, the capacity to store and rehearse
information in short-term memory. The second subtest
measures capacity when operations on the retained data
(digits) are required. This latter measure is constrained
also by managing abilities (‘‘central executive’’; Badde-
ley, 1996) of working memory.
Reading-related tests included reading, spelling, rapid
automatized naming and phonological awareness. Oral
reading skills were explicitly assessed with a list of single
non-words written with diacritics (for details see Deu-
tsch & Bentin, 1996) and with an academic level passage
written without diacritics. Since non-word reading was
the measure used for inclusion in the dyslexic group, we
measured both reading rate and accuracy, which we
combined into a single z-score based on the mean of the
control group. Reading rate of the academic level pas-
sage measured reading ﬂuency for words embedded in
context. Spelling was assessed with a list of 24 familiar
words, which were read in a meaningful sentence (Sha-
lem & Lachman, 1998). Automatic naming of letters and
digits was examined with a Hebrew version of the con-
ventional Rapid Automatized Naming tests (RAN,
Denckla & Rudel, 1976). In RAN tests, the participant
is instructed to read 50 symbols, arranged in random
order, as accurately and quickly as possible. RAN is
considered a test of automaticity in naming familiar
items and is a good predictor of learning disabilities
(Waber, Wolﬀ, Forbes, & Weiler, 2000). Phonological
awareness was assessed with a Spoonerism task, in
which the participant hears a pair of words (such as
‘‘head-nurse’’) and then has to swap the initial pho-
nemes and pronounce the resulting pair of non-words in
the correct order (‘‘nead-hurse’’). One dyslexic partici-
pant (NUB) did not complete the following tests:
spelling, passage reading, spoonerism and RAN. She
was nevertheless included in the analysis and her psy-
chophysical performance was consistent with that of the
entire dyslexic group.
Several measures from the reading-related test battery
were used to divide the dyslexic individuals to subtypes.
This reading-based classiﬁcation follows, to some ex-
tent, Boder’s (1973) classical division based on patterns
of errors when reading and spelling unknown words,
which we adapted to Hebrew (see also Ben-Yehudah
et al., 2001). Boder originally deﬁned three subtypes of
dyslexic individuals: a dyseidetic has diﬃculties in
reading irregular words and in spelling, a dysphonetic
has speciﬁc diﬃculties in reading non-words, and a
dysphoneidetic has diﬃculties typical of the two former
subtypes. Since Hebrew does not have any irregular
words and the spelling errors of our dyslexic partici-
pants consistently produced homophones, we based our
classiﬁcation on a discrepancy between phonological
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orthographic skills (assessed by spelling). Two standard
deviations (SD) between these measures is the threshold
for a large discrepancy. We thus deﬁned three subtypes
according to dyslexics’ relative pattern of reading non-
words compared with spelling errors, and a fourth
subtype as having only mild diﬃculties (within 2 SD
from the control group mean in both reading and
spelling skills). One dyslexic participant (NUB) that did
not complete the spelling test was not assigned to a
subtype.
Visual attention was assessed with the Conners’
Continuous Performance Test II, CPT-II (Conners,
2000). This is a standard test of attentional abilities,
which measures performance according to three cate-
gories: inattention, impulsiveness and vigilance. The
participant’s task is to press the keyboard whenever any
letter, except a speciﬁc letter, appears on the screen. The
compatibility of a participant’s performance proﬁle with
that of an attention-deﬁcit/hyperactive disorder (i.e.,
ADHD) proﬁle is reported as a conﬁdence index. An
index above 60% indicates high conﬁdence in an ADHD
classiﬁcation of the individual’s performance proﬁle. An
index between 40% and 60% is inconclusive, indicating
that the performance proﬁle matches neither a non-
clinical nor an ADHD classiﬁcation.
An auditory non-verbal discrimination task between
rhythmical patterns, the Seashore Rhythm test (Sea-
shore, 1939), assessed auditory memory and attention.
Originally designed to assess musical abilities, this
rhythm test is now part of the Halstead-Reitan neuro-
logical assessment battery (Halstead, 1947). Poor per-
formance on the Seashore Rhythm test has been reported
for children with reading impairments (McGivern,
Berka, Languis, & Chapman, 1991). In this test, the
participant hears two sets of rhythmic patterns and has to
decide if they are ‘‘same’’ or ‘‘diﬀerent’’. Tone duration
of each element in a rhythmic pattern is 50 ms, with an
ISI of 1.5 s between the sets. Inter-trial interval between
pairs of rhythmic patterns is 3.5 s. Thus, the participant
has to retain one rhythmic pattern across an intermediate
interval (1.5 s) and then compare it to another rhythmic
pattern. The test consists of 30 pairs of rhythmic pat-
terns, arranged in three increasing levels of diﬃculty (10
pairs in each level), from 5 to 7 elements in each pattern.
Three sample pairs precede the test items, to assure
understanding and adequate level of loudness. This test
was administered with a tape recorder. Twenty-six dys-
lexic and 25 control participants completed this test.
2.4. Stimuli and procedure
The visual task was Spatial Frequency (visual-SF)
discrimination between two horizontal sinusoidal grat-
ings. We assessed discrimination thresholds for two ref-
erence frequencies, low (0.5 c/) and intermediate (4 c/),presented in separate blocks. On each trial one stimulus
contained the reference frequency and the other the test
frequency, which was randomly selected to be either
higher or lower than the reference frequency. The initial
test frequency diﬀered by 75% from the reference fre-
quency and it varied adaptively between trials in a 2
down/1 up staircase manner, which converges on the
value of 71% correct (Levitt, 1971). Initial step size was
10% and it was halved every three reversals (to a mini-
mum of 1%). Participants had to indicate which grating
was denser (i.e. had a higher spatial frequency). An
assessment ended when either a total of 15 reversals or 70
trials elapsed. Discrimination threshold, Just Noticeable
Diﬀerence (JND, in % of reference frequency) was
determined as the average of the last ten reversals.
Thresholds reported are the mean thresholds over two
assessments for each condition. Grating contrast was
constant at 20% and mean luminance was 37.5 cd/m2.
The auditory task was Frequency (auditory-F) dis-
crimination between two pure tones. Two 70-dB SPL
pure tones were presented each for duration of 50 ms,
with a 950 ms inter-stimulus interval (ISI). Thus, stim-
ulus-onset asynchrony (SOA) was 1000 ms. Participants
had to indicate which tone was higher. The procedure
was 2-alternative temporal forced choice, with a ﬁxed
reference frequency of 1 kHz and a test frequency
changing in a 2 down/1 up staircase manner. The test
frequency changed adaptively from 1.4 kHz, using an
initial step size of 30 Hz, reduced to 5 Hz after three
reversals. The assessment was terminated when either 13
reversals or 70 trials elapsed. Discrimination thresholds
were determined as the average of the last seven rever-
sals and are presented as percent of the reference fre-
quency (% JND).
2.5. Experimental design
In the ﬁrst session, visual-SF discrimination was as-
sessed under two diﬀerent behavioral paradigms. In the
spatial paradigm, the two gratings were presented
simultaneously for 250 ms (0 s SOA), one in the upper
and the other in the lower half of the screen. The subject
was asked to make a 2-alternative spatial forced choice
decision, which grating was denser, the upper or the
lower. The size of each grating was 12.5 by 4.5, when
viewed from a distance of 150 cm. These gratings were
adjacent, so together they subtended the whole screen
(12.5 by 9). In the temporal paradigm, the two gratings
were presented sequentially, one in the ﬁrst and the
other in the second interval. Each grating was presented
for 250 ms, with an ISI of 500 ms (SOA of 750 ms). The
subject was asked to make a 2-alternative temporal
forced choice decision, which grating was denser, the
ﬁrst or the second. Each grating subtended the whole
screen and was 12.5 by 9 when viewed from a dis-
tance of 150 cm. In both conditions, negative auditory
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there was no ﬁxation point, observers were instructed to
gaze at the middle of the screen.
In the visual-SF task, a training stage preceded data
collection. Participants trained on the ﬁrst 10 trials of a
regular assessment procedure, for each behavioral par-
adigm (spatial and temporal) and reference frequency
(0.5 and 4 c/). Thus, the total training was 40 trials (2
paradigms · 2 frequencies). A score of at least 80%
correct on each training condition had to be reached
before testing commenced. Participants who did not
fulﬁll this requirement continued to train for additional
40 trials. The majority of our participants reached this
criterion in one set of training. Following training, each
test condition was administered in separate blocks.
Presentation order of the diﬀerent conditions was
counterbalanced within each group (control and dys-
lexic). For each assessment, presentation order of the
two reference frequencies was interleaved. The location
of the reference grating on each trial (spatial paradigm:
upper or lower, and temporal paradigm: ﬁrst or second)
was chosen in a pseudorandom manner. Note that al-
though discrimination for both reference frequencies
was assessed in the same session, results will be pre-
sented ﬁrst for the 0.5 c/ reference frequency.
Auditory frequency discrimination was also assessed
in the ﬁrst session, following the assessment of cognitive
and reading-related abilities. Negative visual feedback
was given for each incorrect response in this task.
In the second session, we examined discrimination
performance under various intervals. Therefore, only
the temporal paradigm of the visual-SF task was used
with two new SOAs that were chosen based on a pilot
study. The shorter and longer interval durations,
compared to the 750 ms SOA used in the ﬁrst experi-
ment, were 500 ms and 2.25 s (respectively, short and
long). The other parameters of this task were identical
to those of the temporal paradigm applied in the ﬁrst
session.
2.6. Apparatus
The visual spatial frequency discrimination task was
administered in a dark room and began after about
three minutes of dark adaptation. Visual stimuli were
presented on a 17
00
Trinitron Multiscan II Monitor with
a frame rate of 100 Hz, using a VSG graphics card (VSG
software version 5.02, Cambridge Research Systems).
Participants responded using a response box (CB3,
Cambridge Research Systems). The auditory frequency
discrimination task was conducted in a sound-attenu-
ating chamber using a TDT System II (Tucker-Davis
Technologies) signal generator. Auditory stimuli were
presented diotically through Sennheiser HD-265 linear
headphones and participants responded using a re-
sponse box (TDT System II).3. Results
3.1. Cognitive and reading-related abilities
Table 1 summarizes the performance of control and
dyslexic participants on a battery of cognitive and
reading-related tests that we administered. The dyslexic
and control group means do not diﬀer on the Block
Design (visual spatial reasoning) and Similarities (verbal
reasoning) subtests of the WAIS-III, typically used to
match groups for cognitive abilities. In contrast, dyslexic
and control group means diﬀer signiﬁcantly on the
verbal memory test (Digit Span) and on all the reading-
related measures, which include phonological decoding
(non-word accuracy), ﬂuency of reading in context
(passage reading rate), spelling, rapid naming of familiar
symbols (letters and numbers) and phonological
awareness (Spoonerism test). Dyslexics’ proﬁle of aver-
age cognitive abilities, poor verbal memory and poor
reading-related skills, compared to those of age and
education-matched controls, is similar to proﬁles re-
ported in the literature for dyslexic adults (e.g., Got-
tardo, Siegel, & Stanovich, 1997; Pennington et al.,
1990; Rack, 1997; Wilson & Lesaux, 2001).
3.2. Visual spatial frequency discrimination
We assessed visual spatial frequency discrimination
around two reference spatial frequencies, low (0.5 c/)
and intermediate (4 c/). Discrimination performance
for the lower spatial frequency is presented ﬁrst for the
conditions assessed in the ﬁrst session (simultaneous and
sequential presentations), which were completed by all
of the participants.
3.2.1. Simultaneous versus sequential presentation
Fig. 1A shows control and dyslexic group means and
individual data points for visual spatial frequency (vi-
sual-SF) discrimination around 0.5 c/, under simulta-
neous and sequential (SOA of 0.75 s) presentations (left
and right, respectively). Under simultaneous presenta-
tion gratings are spatially separate but temporally syn-
chronous, whereas under sequential presentation
gratings overlap spatially but are temporally separate.
Discrimination thresholds are presented as percent JND
with respect to the reference frequency. Under sequen-
tial stimulus presentation, the control group’s arithmetic
mean threshold is 6.9% ±2.5 SD (similar to previous
reports in the literature, e.g., Bradley & Skottun, 1984;
Burbeck & Regan, 1983; Caelli et al., 1983), whereas the
arithmetic mean threshold of the dyslexic group is 18%
±13.6 SD, well above the normal range. On the other
hand, there is no signiﬁcant diﬀerence between dyslexics’
and controls’ discrimination thresholds when stimuli are
presented simultaneously (15.4% ±7.6 SD and 11.9%
±6.8 SD, respectively), mainly because controls’
Fig. 1. Spatial frequency discrimination performance of 34 control (C) and 33 dyslexic (D) participants, around 0.5 c/ reference frequency. (A)
Group means (mean noted by thick line and SEM noted by thin lines) and individual discrimination thresholds (controls in squares and dyslexics in
circles) are plotted as a function of the two presentation conditions, simultaneous (0 s SOA) and sequential (0.75 s SOA), tested in the ﬁrst session.
Discrimination thresholds are presented as percent of the reference frequency (% JND). Under simultaneous presentation, discrimination thresholds
do not diﬀer between the two groups. However, under sequential presentation, the dyslexic group had signiﬁcantly higher thresholds than the control
group. (B) Mean log of the ratio between sensitivity (1/JND) of spatial frequency discrimination under sequential and simultaneous (Seq/Sim)
conditions is shown for each group. The sensitivity ratio of the dyslexic group (ﬁlled bar) is approximately zero, indicating similar thresholds on both
conditions, whereas the ratio of the control group (empty bar) is positive, indicating their lower thresholds on the sequential condition. Error bars
represent ±1 SEM.
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of results is consistent with our previous ﬁndings for
detection of sinusoidal gratings (Ben-Yehudah et al.,
2001). A repeated-measures ANOVA shows a signiﬁcant
main eﬀect of group (F ð1; 65Þ ¼ 16:1, P < 0:001), no
eﬀect of condition (F ð1; 65Þ ¼ 1:5, P ¼ 0:22) and a sig-
niﬁcant interaction between group and condition
(F ð1; 65Þ ¼ 13:3, P < 0:005). The interaction results
from a consistent decrease in controls’ thresholds com-
pared to no reduction in dyslexics’ thresholds under the
sequential compared with the simultaneous condition.
The signiﬁcant diﬀerence between dyslexic and control
group means on the sequential condition remains sig-
niﬁcant even when 7 dyslexic participants, who fall more
than 3 SD from the dyslexic group mean, are removed
from the analysis (two-tailed t-test, tð29:6Þ ¼ 3:6,
P < 0:001).
To assess the consistency of this eﬀect (i.e., dyslexics’
disadvantage under sequential presentations compared
to controls) at the single subject level, we calculated the
ratio between performance under sequential and simul-
taneous conditions for each participant. Fig. 1B shows
the average log of the ratio between sensitivity (1/JND)
of spatial frequency discrimination under sequential and
simultaneous presentations in each group. A sensitivity
ratio of 0 indicates that performance is the same on both
conditions. A positive log ratio indicates that the ability
to discriminate between two gratings is better on the
sequential condition. The control group’s average log
ratio (mean±SD: 0.22 ± 0.2) diﬀers signiﬁcantly from
the dyslexic group’s log ratio ()0.01± 0.2; two-tailed t-
test, tð65Þ ¼ 4:6, P < 0:001). These results indicate that
normal readers utilize information presented sequen-
tially better than disabled readers.3.2.2. Discrimination under various stimulus-onset asyn-
chronies
Finding that dyslexics perform signiﬁcantly poorer
than controls for an SOA of 750 ms, we asked whether
this deﬁcit stems from this interval being either too brief
or perhaps too long to allow accurate comparisons. On
one hand, there is evidence that dyslexic individuals
have a longer attentional dwell time, meaning that they
process the ﬁrst stimulus longer than normal readers
(Hari, Valta, & Uutela, 1999), thus suggesting that 750
ms may be too brief. On the other hand, if dyslexics have
a faster decay of perceptual memory traces, 750 ms SOA
may be too long. In order to decipher whether any of
these alternatives apply, we invited the same participants
for a second session. In this session, visual-SF discrim-
ination was assessed on the temporal paradigm under
two additional SOAs, one shorter and one longer than
750 ms (500 and 2250 ms, respectively), around both 0.5
and 4 c/ reference frequencies. From the participants in
the ﬁrst session, 20 controls and 22 dyslexics were
available and willing to participate in the second session.
Fig. 2 shows group means across the four SOAs used
in both sessions. An SOA of 0 s corresponds to the
simultaneous condition and an SOA of 0.75 s corre-
sponds to the sequential condition, which were both
tested in the ﬁrst session. The two additional intervals,
assessed in the second session, are 0.5 and 2.25 s. Fig. 2A
shows the JNDs for discrimination around 0.5 c/ ref-
erence frequency. As noted in the previous section, the
control and dyslexic group means are similar when the
two gratings are presented simultaneously (i.e., SOA of
0 s). However, when stimulus presentation is sequential,
the thresholds of the control group decrease dramati-
cally for all of the intervals tested, while the mean
Table 2
Spearman’s ranked correlations between the simultaneous condition
(0 s SOA) of the visual-SF discrimination task and the sequential
conditions
SOA
0.5 s 0.75 s 2.25 s
0.5 c/ ref:
Control 0.33 0.22 0.03
Dyslexic 0.56 0.56 0.24
4 c/ ref:
Control )0.15 0.16 )0.09
Dyslexic 0.08 0.53 0.24
Signiﬁcance of ranked correlation is noted for P < 0:01.
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Fig. 2. Spatial frequency discrimination thresholds (mean±SEM) of
20 control (C, empty symbols) and 22 dyslexic (D, ﬁlled symbols)
participants, around 0.5 c/ (A) and 4 c/ (B) reference frequencies, are
plotted as a function of four SOAs. SOAs of 0 s (i.e., simultaneous
condition) and 0.75 s (i.e., sequential condition) were assessed in the
ﬁrst session, and SOAs of 0.5 and 2.25 s were assessed in the second
session. (A) For the 0.5 c/ reference frequency, the control group’s
discrimination thresholds decrease signiﬁcantly on all of the sequential
conditions, relative to their threshold for the simultaneous condition.
The mean discrimination thresholds of the dyslexic group remain high
on all of the conditions tested. (B) A similar pattern of results is seen
for the 4 c/ reference frequency, though to a smaller extent. Dis-
crimination thresholds are presented as percent of the reference fre-
quency (% JND).
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peated-measures ANOVA shows this signiﬁcant main
eﬀect of group (F ð1; 40Þ ¼ 15:2, P < 0:001) and SOA
(F ð3; 120Þ ¼ 4:2, P < 0:01). The interaction between
these two factors is also signiﬁcant (F ð3; 120Þ ¼ 3:5,
P < 0:05), reﬂecting the fact that only the control
group’s thresholds decrease under sequential presenta-
tions, relative to their performance under simultaneous
presentation.
Fig. 2B shows the JNDs for discrimination around 4
c/ reference frequency. The trend of the results is similar
to that for 0.5 c/, though to a smaller extent. The
control and dyslexic group means do not diﬀer when the
two gratings are presented simultaneously (two-tailed
t-test, tð40Þ ¼ 2:0, n.s.). However, under sequential
stimulus presentations using SOAs of 0.5 and 0.75 s,
there is a signiﬁcant diﬀerence between the mean
thresholds of the two groups (tð40Þ > 2:7, P < 0:01).
When the SOA is long (2.25 s), there is no diﬀerence
between the thresholds of the two groups (tð40Þ ¼ 1:6,
n.s.). This pattern of results is reﬂected by the repeated-
measures ANOVA, which shows only a signiﬁcant
group eﬀect (F ð1; 40Þ ¼ 11:0, P < 0:005), and no eﬀect
of SOA or interaction (F ð3; 120Þ < 1:4, n.s.).
Table 2 shows Spearman’s correlations between the
simultaneous condition and the three sequential condi-
tions. In the control group, performance under simul-
taneous presentation is not correlated with performance
under sequential presentations, for either reference fre-
quency (0.5 or 4 c/). This lack of correlation suggests
that normal readers apply diﬀerent strategies whencomparing between gratings presented simultaneously
versus sequentially. At least for low spatial frequencies,
the strategy used for sequential presentations enables
more accurate comparisons between spatial frequencies
of gratings appearing successively in the same location.
In the dyslexic group, the pattern of correlation
diﬀers between the two reference frequencies. For a
reference frequency of 0.5 c/, there is a signiﬁcant
correlation between performance on the simultaneous
condition and performance on the sequential condition
when the SOA is 0.5 and 0.75 s (for both r ¼ 0:56,
P < 0:01). However, when the SOA is longer (2.25 s)
there is no correlation between the two conditions
(r ¼ 0:24, n.s.). This ﬁnding suggests that dyslexic indi-
viduals change their comparison strategy only when the
SOA is suﬃciently long. For a reference frequency of
4 c/, the only signiﬁcant correlation between simulta-
neous and sequential conditions is when the SOA is
0.75 s. Since both of these conditions were tested in the
ﬁrst session, this correlation may result from performing
a new task.
To summarize, the assessment with an additional
shorter and longer SOA did not support the ‘‘too brief
interval’’ hypothesis or the ‘‘too long interval’’ hypoth-
esis. However, the ﬁnding that for the 4 c/ reference
there is no group diﬀerence at a 2.25 s SOA is more
consistent with the hypothesis of a longer attentional
dwell time in dyslexia. The correlation data further
supports this hypothesis, since it suggests that dyslexic
individuals use a diﬀerent discrimination strategy (cor-
relation drops) only at the longest interval.
3.3. Auditory frequency discrimination
Poor perceptual abilities in dyslexia are not limited to
visual stimuli. Many studies indicate that dyslexic indi-
viduals perform poorly on a wide range of auditory
discrimination tasks (e.g., Ahissar et al., 2000; Amitay
et al., 2002a; Banai & Ahissar, 2000; Tallal, 1980;
Wright, Bowen, & Zecker, 2000). Since acoustic stimuli
are typically presented sequentially, most of the auditory
discrimination tasks require intact retain-and-compare
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compare skills in the visual domain are correlated with
impaired retain-and-compare skills in the auditory do-
main, we tested the same participants on an auditory
two-tone Frequency (auditory-F) discrimination task.
The auditory-F discrimination threshold of the dys-
lexic group (mean±SD: 10.7 ± 11.3%) was signiﬁcantly
worse than that of the control group (3.5 ± 4.1%; two-
tailed t-test, tð65Þ ¼ 3:5, P < 0:01), consistent with
previous reports in the literature (e.g., Ahissar et al.,
2000). The correlation between frequency discrimination
in the auditory modality and spatial frequency dis-
crimination in the visual modality was signiﬁcant within
the dyslexic group for both sequential and simultaneous
presentations (Spearman’s r ¼ 0:35 and r ¼ 0:46,
respectively; for both P < 0:05). Within the control
group, neither sequential nor simultaneous visual dis-
crimination were correlated with auditory performance
(Spearman’s r ¼ 0:02 and r ¼ 0:11, respectively; both
are n.s.).
The scatter plot for the correlation between auditory
thresholds and visual thresholds under sequential pre-
sentation is shown in Fig. 3. It is apparent that for vi-
sual-SF discrimination, the performance of the majority
of dyslexic participants is worse than the performance of
the majority of control participants. The horizontal line
plotted at a visual JND of 10% separates between 73%
of the dyslexic participants who perform worse (24/33
ﬁlled symbols above the line) than 88% of the controls
(30/34 empty symbols below the line). In contrast, for1
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Fig. 3. A scatter plot of discrimination thresholds, for the auditory
frequency task and the visual sequential frequency task (0.5 c/ refer-
ence frequency, 0.75 s SOA), is shown for 34 control (C, empty sym-
bols) and 33 dyslexic (D, ﬁlled symbols) participants. Auditory and
visual discrimination thresholds are presented as percent of the refer-
ence frequency (% JND). Only within the dyslexic group, auditory
discrimination performance is signiﬁcantly correlated with visual dis-
crimination performance (Spearman’s r ¼ 0:35). The horizontal and
vertical lines plotted at 10% JND separate participants with the highest
JNDs on either visual or auditory tasks, respectively. Within the
dyslexic group, visual deﬁcits (73%, 24/33 ﬁlled symbols above the
horizontal line) are more prevalent than auditory deﬁcits (36%, 12/33
ﬁlled symbols to the right of the vertical line).auditory frequency discrimination the vertical line
plotted at 10% JND only separates between a third of
the dyslexic group who perform worse (12/33 ﬁlled
symbols on the right) than the majority of the control
group (31/34 empty symbols on the left). Dyslexic par-
ticipants that have both high visual and auditory
thresholds compose 27% of the dyslexic group (9/33
ﬁlled symbols in the upper right quadrant). Therefore, in
the dyslexic group poor visual-SF discrimination is more
prevalent than poor auditory-F discrimination.
3.4. Individual diﬀerences and visual discrimination
Dyslexic individuals vary in the type and severity of
their reading diﬃculties, as well as the co-morbidity of
these diﬃculties with attentional deﬁcits (e.g., Shaywitz,
Fletcher, & Shaywitz, 1995). To examine the possibility
that these individual diﬀerences contribute to the vari-
ability observed in dyslexics’ frequency discrimination
thresholds, we classiﬁed our dyslexic participants
according to their reading and attentional abilities and
then compared the perceptual performance of these
dyslexic subgroups.
3.4.1. Individual diﬀerences in reading-related abilities
Our dyslexic participants had a variety of reading
diﬃculties. Therefore, we asked whether poor perfor-
mance under sequential presentations, characterizing
the majority of our dyslexic participants, could be
associated with a speciﬁc subtype of dyslexia. We clas-
siﬁed dyslexic participants to subtypes following, to
some extent, Boder’s (1973) division to dyseidetics (dif-
ﬁculties in reading irregular words and in spelling),
dysphonetics (speciﬁc diﬃculties in reading non-words),
and dysphoneidetics (diﬃculties typical of the two for-
mer subtypes), which we adapted to Hebrew (see Ben-
Yehudah et al., 2001). Thus, 32 dyslexic individuals were
divided to four subtypes, which resulted in 11 dyspho-
netics (termed DP’), 7 dyseidetics (DE’), 11 dysph-
oneidetics (MIX’) and 3 with mild diﬃculties (MILD’).
Since the number of individuals in each subgroup is
small, it is diﬃcult to draw decisive conclusions.
The cognitive, reading-related and visual-SF dis-
crimination (around a 0.5 c/ reference frequency) abil-
ities of the four dyslexic subtypes are shown in Table 3.
These subtypes do not diﬀer in age or in the two WAIS-
III subtests used to match groups for cognitive abilities
(Block Design and Similarities). As expected by our
deﬁnition of these subtypes, DE has the most spelling
errors and DP has poor non-word accuracy. The mixed
subtype has the poorest phonological abilities, since
their accuracy on both non-word reading and the
spoonerism test is the worst. The visual-SF discrimina-
tion thresholds of these reading subtypes did not con-
sistently diﬀer under either simultaneous or sequential
(0.75 s SOA) presentations. A repeated measures
Table 3
Cognitive, reading-related and visual-SF discrimination performance (for 0.5 c/ reference frequency) of the dyslexic subtypes
DE (N ¼ 7) DP (N ¼ 11) MIX (N ¼ 11) MILD (N ¼ 3)
Age (years) 23.6 (2.8) 22.7 (3.4) 24.6 (3.8) 23.0 (6.0)
Cognitive tests:a
Block design (scaled score) 12.7 (3.8) 12.8 (3.2) 10.7 (2.8) 10.7 (4.0)
Similarities (scaled score) 13.4 (2.6) 13.2 (2.5) 13.0 (1.5) 15.7 (0.6)
Digit span (scaled score) 7.7 (2.5) 9.1 (2.6) 7.9 (3.0) 7.7 (3.8)
Reading-related tests:
Non-word (% correct) 73.8 (9.7) 51.0 (10.9) 45.5 (12.9) 79.6 (8.9)
Passage reading (words/min) 93.8 (16.3) 87.9 (17.6) 97.4 (25.8) 92.4 (4.4)
Spelling (% correct) 64.9 (21.0) 91.3 (7.5) 79.2 (5.6) 98.6 (2.4)
Rapid automatized naming:
Letters (letters/second) 2.4 (0.5) 2.0 (0.5) 2.3 (0.4) 1.9 (0.3)
Numbers (numbers/second) 2.5 (0.4) 2.3 (0.5) 2.5 (0.4) 2.0 (0.4)
Spoonerism (% correct) 79.3 (26.1) 71.8 (21.8) 46.8 (37.3) 80.0 (13.2)
Visual-SF discrimination:
Simultaneous (0 s SOA) 13.0 (5.7) 14.3 (7.4) 16.6 (8.4) 21.7 (10.2)
Sequential (0.75 s SOA) 11.5 (3.0) 17.1 (13.0) 22.8 (16.8) 22.3 (17.9)
Mean± standard deviation is shown separately for the four dyslexic subtypes: dyseidetic (DE), dysphonetic (DP), dysphoneidetic (MIX) and mild
reading deﬁcits (MILD).
a See Table 1 for test details.
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either subtype (F ð3; 28Þ ¼ 1:1, P ¼ 0:35), condition
(F ð1; 28Þ ¼ 0:9, P ¼ 0:35) or interaction (F ð3; 28Þ ¼ 0:8,
P ¼ 0:48). A similar ANOVA preformed for visual-SF
discrimination around 4 c/ also found no signiﬁcant
eﬀect for subtype (F ð3; 19Þ ¼ 0:9, P ¼ 0:46). These re-
sults are not shown in detail because the number of
participants in each subtype is small. Taken together,
these ﬁndings suggest that dyslexics’ higher thresholds
under sequential presentations, compared to the control
group, are not speciﬁc to a reading subtype (see also
Ben-Yehudah et al., 2001).
3.4.2. Individual diﬀerences in attentional abilities
One explanation for dyslexics’ speciﬁc diﬃculties
under sequential conditions, which require order judg-
ments, is their potential for order confusions rather than
genuine perceptual impairments (Peli & Garcia-Perez,
1997). This type of explanation has a speciﬁc prediction
regarding performance on easy’ trials, in which the
spatial frequency diﬀerence between the two gratings is
the largest. If dyslexics’ high thresholds under sequential
presentations stem from order confusions, then we
would expect to ﬁnd signs of such confusion even on
easy’ trials. Fig. 4 illustrates that this is not the case.
The assessment procedure (percent diﬀerence in spatial
frequency as a function of trial number) is plotted for
four participants. Even though the dyslexic participants
(Fig. 4A–B) perform well on the ﬁrst 10 easy’ trials,
their discrimination thresholds under both presentation
conditions are high (10–18%). On the other hand, the
assessment procedure of the control participants (Fig.
4C–D) shows 1–2 errors on the ﬁrst 10 easy’ trials, butthis ‘‘confusion’’ does not result in high thresholds (ra-
ther their JNDs are 4% on the sequential condition). A
systematic assessment of these plots for all participants
show similar behavior, namely initially smooth increase
in task diﬃculty due to nearly errorless performance
under easy conditions and convergence around thresh-
old values at the end of the assessment. Less then a third
of the participants ended a measurement because of
completing 70 trials (rather than ending due to rever-
sals), in the dyslexic group 9 of 33 and in the control
group 10 of 34 participants. Nevertheless, toward the
end of an assessment performance of these participants
converged around threshold values.
Another general explanation for dyslexics’ poor per-
formance on the sequential conditions is their poten-
tially greater diﬃculties in sustaining attention. Indeed,
Stuart, McAnally, and Castles (2001) suggested that
dyslexics’ generally poor psychophysical performance
results from impaired mechanisms of attention. Since
co-morbidity of reading disability and attentional dis-
orders has been reported in the literature (e.g., Shaywitz
et al., 1995), we examined whether dyslexics’ impaired
performance in our study results from the greater
prevalence of individuals with an attentional deﬁcit
among this group. We found that although there are
mild deﬁcits in sustained attention among our dyslexic
participants, they are not related to their performance
on sequential spatial frequency discrimination, as de-
scribed below.
We applied a standard test of visual attention, the
Conners’ Continuous Performance Test II (CPT-II). The
outcome of this test indicates the extent to which an
individual’s performance proﬁle matches an ADHD (i.e.,
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Fig. 4. Percent diﬀerence in spatial frequency (around 0.5 c/ reference frequency) as a function of trial number is plotted for two dyslexics (A–B) and
two controls (C–D). For each participant, the assessment procedure is shown for two presentation conditions, simultaneous (sim’, ﬁlled circles) and
sequential (seq’, empty circles, 0.75 s SOA), and discrimination thresholds are indicated in parenthesis. The dyslexic participants perform well on the
ﬁrst 10 easy’ trials in each condition, indicating that they do not suﬀer from order confusion. Nonetheless, their discrimination thresholds are high
under both presentation conditions. The lower discrimination thresholds of the control participants on the sequential condition, compared to the
simultaneous one, are not aﬀected by errors made during the ﬁrst 10 trials.
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the dyslexic participants in our study did not have a
documented history of attentional disorders, the ADHD
conﬁdence index of the dyslexic group (mean±SD:
43.3 ± 17.8%) is signiﬁcantly higher than that of the
control group (32.1 ± 16.0%; two-tailed t-test, tð65Þ ¼
2:7, P < 0:01), as expected from the literature. Thus,
our control group average is well within the non-ADHD
range (less then 40%), whereas our dyslexic group aver-
age is within the inconclusive range (40–60%).
The CPT-II assesses various aspects of attentional
abilities. For example, inattentiveness is assessed by two
measures that dissociate between tendencies to respond
when response should be inhibited (commission) and
not respond when one is required (omission). The dys-
lexic group does not diﬀer from the control group in
omission errors (i.e., forgetting to press the target letters;
1.8 ± 2.5 and 1.1 ± 1.8, two-tailed t-test, tð65Þ ¼ 1:3,
P ¼ 0:2, respectively). However, they do have more
commission errors (i.e., pressing the non-target letter X ’
when they should have ignored it) than the control
group (11.1 ± 6.5 and 8.8 ± 4.3, two-tailed t-test,
tð65Þ ¼ 1:7, P ¼ :09, respectively). Since commission
errors are indicative of impulsiveness, this pattern sug-
gests that the dyslexic group is more impulsive than thecontrol group. Inattentiveness is also assessed by the
standard error of the hit reaction time (SE HRT), which
indicates consistency of reaction time throughout the
test. The dyslexic group’s reaction times are signiﬁcantly
more variable (mean±SD: HRT-SE 7.0 ± 2.7) than
those of the control group (HRT-SE 5.0 ± 1.4, two-
tailed t-test, tð65Þ ¼ 3:9, P < 0:001).
We next divided both test groups to participants with
good CPT scores (good’, ADHD index less then 40%)
and those with inconclusive or poor attention scores
(poor’, ADHD index of 40% or more). The ADHD
score of almost two thirds of the dyslexic test group (20
of 33 participants) is above 40%, while only 11 control
participants have scores in this range. Most of the
control participants have scores of 25% or less. Dyslexic
participants with similar scores compose approximately
a third of the dyslexic group.
We then compared the mean visual JNDs (around
0.5 c/ reference frequency) of each attention-based
subgroup, for both simultaneous and sequential (0.75 s
SOA) conditions assessed in the ﬁrst session. In the
dyslexic group, the good subgroup does not diﬀer from
the poor subgroup on either simultaneous (respec-
tively, mean±SD: 16.1 ± 7.9%, 15.0 ± 7.6%; two-tailed
t-test, tð31Þ ¼ 0:41, n.s.) or sequential condition
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n.s.). In the control group, in contrast, attentional
abilities are related to discrimination performance on
the simultaneous condition. Control participants with
poor attentional abilities have poorer discrimination
under simultaneous presentation (15.9 ± 10.5%), com-
pared to participants with good attentional abilities
(10.0 ± 2.7%; tð32Þ ¼ 2:5, P < 0:02). Under the sequen-
tial presentation, visual-SF thresholds of the control
subgroups do not diﬀer (poor: 7.1 ± 2.2%, good:
6.7 ± 2.7%; tð32Þ ¼ 0:4, n.s.).
To summarize these results, the poorer performance
of the dyslexic group on the CPT-II test is consistent
with previous literature indicating concurrence of read-
ing and attentional diﬃculties. However, individual
diﬀerences in dyslexics’ attentional abilities were not
related to their performance on sequential spatial fre-
quency discrimination.
3.5. Discrimination performance, cognitive and reading-
related tests
To assess whether poor spatial frequency discrimi-
nation is related to generally poorer cognitive abilities,
we examined the correlation between performance on
the visual-SF task (around 0.5 c/ reference frequency)
and performance on several cognitive and reading-
related tests.
The cognitive tests included the Block Design and
Digit Span subtests of WAIS-III and the Seashore
Rhythm test. Table 4 shows Spearman’s ranked corre-
lations between these tests and discrimination perfor-
mance for all of the SOAs used. In both dyslexic and
control groups, performance on the Block Design is
signiﬁcantly correlated with discrimination thresholds
on the simultaneous condition (Spearman’s r > 0:55,
P < 0:05). For the dyslexic group, there is also a sig-Table 4
Spearman’s ranked correlations between all SOAs tested in the visual-SF di
cognitive and reading-related tests
Control
0 s 0.5 s 0.75 s 2.25 s
Cognitive:
Block designa )0.55 )0.11 )0.13 )0.12
Digit span )0.14 )0.07 0.34 0.20
Rhythmb 0.16 0.05 )0.18 0.16
Reading-related:
NW-readingc )0.16 )0.12 )0.18 )0.04
RAN-Numd )0.12 0.12 )0.41 )0.33
Spoonerisme )0.23 )0.13 )0.06 )0.14
Signiﬁcance of ranked correlation is noted for P < 0:05, P < 0:01.
a Two subtests of the WAIS-III assessing non-verbal reasoning and verba
bAccuracy of same/diﬀerent judgments between rhythmic patterns (Seash
cAccuracy of reading single non-words.
dDuration of rapidly naming numbers.
e Accuracy in a phonological awareness test.niﬁcant correlation between these Block Design scores
and visual-SF thresholds for the sequential condition
with the shortest SOA (0.5 s, Spearman’s r ¼ 0:44,
P < 0:05).
On the other hand, performance on the sequential
conditions is correlated, within the dyslexic group, with
scores on both verbal (Digit Span) and non-verbal
(Seashore’s rhythm) memory tests, as shown in Table 4.
Dyslexics’ performance on the simultaneous condition is
not correlated with either test (for all tests Spearman’s
r < 0:26, n.s.). Within the control group, scores on these
memory tests are not correlated with performance on
any condition of the visual-SF task (for all conditions
Spearman’s r < 0:37, n.s.).
Spearman’s ranked correlation between scores on the
reading-related tests and performance on the visual-SF
discrimination task for control and dyslexic groups are
also shown in Table 4. For the dyslexic group, visual
discrimination performance is signiﬁcantly correlated
with several of the reading-related measures. Accuracy
of reading single non-words (NW-reading) is signiﬁ-
cantly correlated with visual-SF discrimination only for
the sequential presentation using the longest SOA (2.25
s, Spearman’s r ¼ :48, P < 0:05). Similarly, the rate of
naming numbers (RAN-Num) is signiﬁcantly correlated
with discrimination thresholds for the sequential pre-
sentations with longer SOAs (0.75 and 2.25 s, Spear-
man’s r > 0:5, P < 0:01). Phonological awareness
(Spoonerism) is marginally correlated with discrimina-
tion performance on all of the conditions, though it
reached signiﬁcance only for the sequential condition
with the shortest SOA (0.5 s, Spearman’s r ¼ 0:46,
P < 0:05). For the control group, performance on the
reading-related tests is not correlated with discrimina-
tion performance under any presentation.
To summarize, the severity of dyslexics’ reading dif-
ﬁculties, measured by decoding and rapid naming, isscrimination task (at 0.5 c/ reference frequency), and performance on
Dyslexic
0 s 0.5 s 0.75 s 2.25 s
)0.66 )0.44 )0.33 )0.32
)0.26 )0.29 )0.49 )0.39
0.09 0.06 0.69 0.43
)0.18 )0.21 )0.24 )0.48
0.29 0.37 0.55 0.53
)0.31 )0.46 )0.35 )0.37
l memory.
ore Rhythm test).
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thresholds under sequential presentations at 0.75 and
2.25 s SOAs. Similarly, dyslexics’ performance on
auditory verbal and non-verbal memory tasks is signif-
icantly correlated with their discrimination performance
under sequential presentations (0.75 and 2.25 s SOAs).
In contrast, Block Design scores were signiﬁcantly cor-
related with discrimination thresholds under simulta-
neous presentation, in both dyslexic and control groups.4. Discussion
Visual spatial frequency discrimination was impaired
in the dyslexic group compared to the age and educa-
tion-matched control group, but only when stimuli were
presented sequentially (temporal forced choice). When
stimuli were presented simultaneously (spatial forced
choice), adult dyslexics performed only slightly worse
than controls. This pattern of results for frequency dis-
crimination between stationary gratings is similar to the
pattern found in our previous study, assessing contrast
detection of temporally modulated gratings (Ben-
Yehudah et al., 2001). Both studies found that dyslexic
individuals were speciﬁcally impaired when the task re-
quired retaining and comparing sequentially presented
stimuli. Dyslexics’ similar impairment on these studies,
which applied transient and stationary stimuli, is not
consistent with a speciﬁc magnocellular deﬁcit (Stein,
2001). Our ﬁnding that the crucial factor determining
dyslexics’ diﬃculties is the temporal structure of the
task, with intervals of hundreds rather than tens of ms,
adds to the growing body of evidence questioning the
presence of a speciﬁc low-level visual deﬁcit in dyslexia
(e.g., Amitay et al., 2002b; Amitay, Ben-Yehudah,
Banai, & Ahissar, 2003; see Skottun, 2000a, 2000b for
a review).
We should note that dyslexics’ deﬁcits for sequential
conditions do not stem from a deterioration in their
performance, but rather from controls’ superior per-
formance under these conditions. The reason for this
improvement is not clear. One possible explanation
concerns the total viewing time under each condition. In
the simultaneous condition stimuli appear for 250 ms,
whereas in the sequential condition each stimulus is
presented for 250 ms, and thus total viewing duration is
doubled. However, while this is the case in the current
study, in our previous study (Ben-Yehudah et al., 2001)
total stimulus viewing time is equated for simultaneous
and sequential conditions, and yet sequential presenta-
tions yield better performance among controls. A more
likely explanation is that controls employ a diﬀerent,
more eﬀective, comparison strategy for sequential
stimuli. Introspectively, subjects of both groups report
that under the simultaneous condition they apply a ge-
stalt-like strategy, estimating whether the upper part ofa single stimulus is denser than its lower part. Under
sequential conditions, controls indeed report retaining
and analytically (though not verbally) comparing den-
sity of gratings occupying the same position in the visual
ﬁeld. Indeed, among controls, thresholds for the simul-
taneous condition are not correlated with their sequen-
tial thresholds. Dyslexics are perhaps not able to use
such a strategy eﬀectively.
Some explanations for dyslexics’ diﬃculties on
sequential comparisons, such as order confusion and
diﬃculties in sustaining attention, were excluded in this
study. Still, we are left with several potential explana-
tions. Deﬁcits may derive from ‘‘sluggish attentional
mechanisms’’ (Hari & Renvall, 2001), impaired percep-
tual memory or generally poorer mechanisms of work-
ing memory, as discussed below.
4.1. Perceptual memory or working memory deﬁcits
Accurate comparisons between stimuli presumably
require two levels of memory, a low-level perceptual
retention mechanism (Magnussen, 2000) and a high-
level executive function ‘‘managing’’ the speciﬁc opera-
tion required (Baddeley, 1986), in our case comparison.
Impaired performance on retain-and-compare condi-
tions could result from a deﬁcit at either one (or both) of
these levels. Dissociating between these alternatives is
diﬃcult, mainly because the various components of
working memory and the relations between low-level
mechanisms and higher executive functions in the gen-
eral population are far from understood. Moreover,
even the basic assumption that visual stimulus retention
(possibly in extrastriate visual areas, Reinvang, Mag-
nussen, Greenlee, & Larsson, 1998) and executive
functions (commonly located in prefrontal regions; Fu-
nahashi, 2001) are functionally separable is in itself
questionable (Collette & Van der Linden, 2002). Since
some degree of separation between low-level and high-
level memory mechanisms is fairly substantiated, we will
further describe these mechanisms in this section and
discuss which is more likely to be impaired in dyslexia.
Magnussen and Greenlee (1999) suggested that
memory-dedicated components exist within low-level
visual areas. They proposed that perceptual memory for
basic visual dimensions (e.g., spatial frequency, orien-
tation and contrast) is closely associated with processing
of these dimensions (Magnussen et al., 1990; Magnus-
sen, Greenlee, Asplund, & Dyrnes, 1991; Magnussen,
Greenlee, & Thomas, 1996; Magnussen, Idas, & Holst-
Myhre, 1998). They suggested that this low-level mem-
ory system consists of a series of parallel memory stores,
each devoted to a single stimulus dimension. A simpli-
ﬁed description of such a system is that ‘‘memory’’ and
‘‘perception’’ cells are coupled to enable accurate com-
parisons between stimuli (see Magnussen, 2000 for a
review). Recent ﬁndings from a lesion study in area MT
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are important for retention (Bisley & Pasternak, 2000).
Yet, neither this study nor others (see Haxby, Petit,
Ungerleider, & Courtney, 2000 for a review) dissociated
between the roles of visual areas and higher-level areas
in retain-and-compare tasks.
Baddeley (1986) suggested a higher-level memory
mechanism–working memory, in which the managing
component is termed the ‘‘central executive’’. According
to Baddeley’s model, the ‘‘central executive’’ component
controls two slave systems, the visuo-spatial sketchpad
and the phonological loop (see Baddeley, 1998a for a
review). This model assumes that basic visual and verbal
spans need not be correlated, since retention of each
type of stimulus is maintained by separate, largely
autonomous subsystems (perhaps these subsystems are
analogous to Magnussen and Greenlee’s suggestion of
a low-level storage).
We found that visual sequential spatial frequency
discrimination was correlated (among dyslexics) with
verbal span, suggesting that a common bottleneck is
impaired. According to Baddeley’s model the bottleneck
is present only at the level of the central executive. This
model would therefore claim that our ﬁndings support
impairment in dyslexics’ high-level ‘‘central executive’’
memory function.
Yet, the common bottleneck is not necessarily at a
cognitive level (an impaired process, such as executive
functions) or at an anatomical level (an impaired locus,
such as prefrontal areas). Perhaps the common bottle-
neck is at a genetic/biochemical level. If the common
factor is a biochemical deﬁciency (e.g., see Stein, 2001
for a suggestion), then a single factor may underlie
deﬁcits manifested in both low-level auditory and visual
memory systems. Given that the relevant level of
explanation is still obscure, we cannot yet dissociate
between deﬁcits in high and low-level mechanisms of
memory.
4.2. A deﬁcit in mechanisms of attention
The hypothesis that dyslexics’ ‘‘central executive’’
functions are impaired, is another terminology for sug-
gesting that high-level functions of attention are deﬁ-
cient, since an important function of the central executive
is the allocation of attentional resources within working
memory (Baddeley, 1998b). An alternative hypothesis is
that dyslexics’ low-level mechanisms of attention, asso-
ciated with parietal functions, are deﬁcient (Hari &
Renvall, 2001; Vidyasagar, 2001). Support for this sug-
gestion stems from several lines of research. Vidyasagar
and Pammer (1999) found that dyslexic individuals have
diﬃculties with serial search for conjunctions, which re-
quire shifts of spatial attention. Hari et al. (1999) found
that dyslexic individuals have a prolonged attentional
blink, which is also characteristic of neglect patients.More direct evidence of neglect symptoms in dyslexia
are reported by Hari, Renvall, and Tanskanen (2001),
who found ‘‘minineglect’’ of the left visual hemiﬁeld in
dyslexia (see also Stein & Walsh, 1997).
In the auditory domain, dyslexic individuals also
show longer ‘‘dwell times’’. They tend to smoothen and
group stimuli at intervals for which control participants
tend to segment them (Hari & Kiesila, 1996; Helenius,
Uutela, & Hari, 1999). Goswami et al. (2002) report
ﬁndings consistent with these observations, for non-
verbal stimuli with an acoustic structure similar to the
rhythm of speech. Recently, Hari and Renvall (2001)
suggested a theoretical framework to account for both
visual and auditory attentional deﬁcits in dyslexia. They
proposed that dyslexics suﬀer from a common atten-
tional deﬁcit across the auditory and visual modalities
and across time and space. They termed this attentional
deﬁcit ‘‘Sluggish Attentional Shifts’’ (‘‘SAS’’).
Sluggish attentional shifts could account for dyslex-
ics’ diﬃculty under sequential presentation, since slug-
gishness in disengaging attention from the ﬁrst stimulus
to the second would result in poor encoding of the
second stimulus. According to this interpretation, the
diﬃculty in the sequential task stems from poor ‘‘dis-
engage-and-engage’’ rather than from poor ‘‘retain-and-
compare’’. It thus predicts that with suﬃciently long
ISIs shifting attention would be successfully completed
even among dyslexic individuals, and this would im-
prove their discrimination performance. Therefore, the
SAS theory would claim that for the 2-second ISI (2.25 s
SOA, the longest interval that we applied) dyslexics’
visual deﬁcit should disappear. At the group level this
was not the case for 0.5 c/ (Fig. 2), though for 4 c/
dyslexic mean threshold did decrease. At the single
participant level, results were mixed, suggesting that
perhaps for some individuals’ diﬃculties are nearly ex-
tinct at long inter-stimulus intervals (i.e., 2 s ISI). These
ﬁndings indicate that although attentional sluggishness
cannot account for the general pattern of results, it may
be a plausible explanation for the deﬁcits of some dys-
lexic individuals.
4.3. A parietal deﬁcit
The diﬃculty in dissociating between attentional and
perceptual memory deﬁcits may stem from these mech-
anisms not being really segregated. At the functional
level, there is evidence for involvement of parietal areas
in both memory (visual, Reinvang et al., 1998; and
verbal, Jonides et al., 1998) and attentional tasks (Hari
& Renvall, 2001). Recent ﬁndings from an imaging
study show that parietal areas are activated during
sequential spatial frequency discrimination (Greenlee,
Magnussen, & Reinvang, 2000). At the anatomical level,
patients with left posterior parietal lesions have very
poor verbal memory (Saﬀran & Marin, 1975; Shallice &
G. Ben-Yehudah, M. Ahissar / Vision Research 44 (2004) 1047–1063 1061Vallar, 1990; Warrington, Logue, & Pratt, 1971), which
is characteristic of dyslexia (Wilson & Lesaux, 2001).
Taken together, our observation that dyslexic individu-
als have concurrent deﬁcits in verbal memory and in
sequential visual spatial frequency discrimination, may
be related to a common impairment in mechanisms
involving parietal areas.
4.4. Conclusions
The majority of our dyslexic participants showed
consistently poor spatial frequency discrimination when
stimuli were presented sequentially. As a group, this
deﬁcit spanned SOAs of at least 0.5 to 2.25 s. Within the
dyslexic group, this visual deﬁcit was even more preva-
lent (almost three quarters) than poor two-tone auditory
frequency discrimination (less then a third). When
sequential retention and/or comparisons are required,
the signiﬁcant correlation between auditory and visual
deﬁcits, found within the dyslexic group, suggests a com-
mon bottleneck. The fundamental deﬁcit may involve
mechanisms of perceptual and/or working memory.Acknowledgements
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